Progress on Laser Assisted Nickel Seed Layer Deposition for Front Contact Copper Plating  by Ochoa-Martínez, Efraín et al.
 Energy Procedia  38 ( 2013 )  777 – 786 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientifi c committee of the SiliconPV 2013 conference
doi: 10.1016/j.egypro.2013.07.346 
ScienceDirect
SiliconPV: March 25-27, 2013, Hamelin, Germany 
Progress on laser assisted nickel seed layer deposition for 
front contact copper plating 
Efraín Ochoa-Martíneza,*, Niklas Wehkampb,                                       
José Ramos-Barradoa, Jonas Bartschb 
aMaterials and Surfaces Laboratory, Dpto. de Física Aplicada I, Universidad de Málaga, 29071, Málaga, Spain 
bFraunhofer Institute for Solar Energy Systems, Heidenhofstr. 2, D-79110 Freiburg, Germany 
 
Abstract 
The high price of silver has motivated the search for new paths in regard to the front metallization of crystalline 
silicon solar cells. Copper is a suitable material from the conductivity and cost point of view; however, contact 
resistivity and long term stability are still issues that must be addressed. The present work describes the results 
obtained in the improvement of frontal metallization of textured crystalline silicon solar cells. Laser chemical metal 
deposition has been used in the creation of nickel seed layers for subsequent copper plating. Conditions have been 
optimized to reduce the number of laser scan repetitions, and consequently the processing time per cell. The average 
finger width is below 80 microns, thus reducing the shaded area. In-depth chemical and morphological 
characterization results of the seed layers are presented and related with laser settings and cell performance. The 
produced solar cells show viability of the process, leading to pseudoefficiencies exceeding 15%. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
The current trend in the photovoltaic industry passes through increasing efficiency and reducing costs 
of the modules. Over 40% of these costs originate in the semiconductor substrate material; therefore the 
logical step is to reduce the thickness of the cells. However, due to the fragility of the substrate the 
manufacturing processes have to be optimized for the new conditions of the wafers, the aim is to 
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implement online techniques which increase productivity and contact-less techniques to decrease 
breakage yield.  
 
Serigraphic or screen-printing is the most common technique for metallization in the PV industry, it is 
the most widely used, mainly because it is a robust, flexible, fully automated, high throughput and 
relatively simple technology. Some disadvantages are the poor quality of the electrical contact, the low 
aspect ratio which causes a high shaded area and the high breakage yield implied in the process. 
Additionally, the high price of silver, has motivated the search for new paths [1], its replacement by 
another material is a priority for cost reduction [2]. Other techniques like CVD are not cost competitive 
for industrial cells. Aerosol [3] or inkjet printing [4] can be used to completely form the contact and are 
currently under intense research towards their application in industry, they allow the realization of 
contacts with lower line width; however, the fingers produced still feature low aspect ratios and are still 
based on silver inks. 
 
Seed and plating technique is commonly used in the metallization of advanced cells; however, its use is 
becoming closer to industrial implementation in combination with a seed layer formation step. The main 
advantages are the larger aspect ratios and the avoidance of firing steps. Some of the techniques used for 
seed layer formation are screen-printing, aerosol jet-printing, inkjet-printing and laser techniques [5]. 
Laser processing and copper plating of the front contacts [6] constitute a low cost alternative when 
compared with more sophisticated techniques as it dispenses specialized and expensive materials and 
metallization pastes, besides being a low contact technique, favoring the reduction of breakage of thin 
wafers. Additionally, provided the right conditions, ARC opening and metallic seed layer deposition can 
be performed simultaneously avoiding extra masking and developing or ARC etching steps. 
2. Experimental 
Seed layers have been formed by Laser Chemical Metal Deposition (LCMD), from a nickel salt 
solution, resulting in the simultaneous ARC coating ablation and deposition of a nickel rich layer. The 
experimental setup consists of a Millenia Edge 532 nm continuous wave (CW) laser source from Spectra-
Physics®, with a maximum output of 15 W. Additionally, a beam expander and a scanner head were 
responsible for the beam shaping and displacement. The sample is immersed below 1 mm of the nickel 
electrolyte in a suitable sample holder. The laser power presented in the results section is as displayed by 
the laser source; however, a Fieldmaster® GS meter together with LM-100HTD sensor from Coherent® 
were used to measure the power loss in the optic system which was found to be around 21%. The 
electrolyte composition and laser wavelength have been chosen bearing in mind a low absorption [7], thus 
the laser energy emerging from the optic system is absorbed by the sample. 
 
Fig.1. Copper plated cell from a nickel LCMD seed layer. 
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The precursor substrates are industrial p-type Cz-Silicon wafers with random pyramid texture, 85 /sq 
emitter, SiNx passivation and Al-BSF rear side metallization, size of 156x156 mm2, which have been cut 
down to 22x46 mm2 samples. Figure 1 shows one of the finished devices. 
 
The light induced plating (LIP) follows the procedure described by Bartsch, et al.,[6]. In this process 
the power generated by the illuminated cell is used for plating. Deposition only takes place on conductive 
surfaces, meaning the opened areas where the ARC layer has been removed. A voltage is applied between 
the rear side of the cell and the copper source. A LED array provides illumination during plating, and light 
intensity is used to control the process. Temperature and electrolyte properties were kept constant between 
all experiments. Potentials and currents were applied and measured using a programmable source measure 
unit with a coupled power amplifier. 
3. Results & discussion 
3.1. Seed layer morphology 
Nickel concentration and line width are the main output parameters to describe de LCMD seed layer. 
Ideal line width values lay , in order to allow for plated fingers with final widths below 
current industrial standards, and consequently, lower shaded area. In Figure 2 it is possible to appreciate 
the relation between the LCMD settings and the seed layer width. It is remarkable that all the results are 
width is demonstrated. The results for 100 mm/s show significantly less dispersion. 
 
Process speed is crucial in order to develop an industrially feasible method; the total processing time 
per cell is function of the scan speed and the number of scan repetitions, and even when good results have 
been previously obtained with 10 and even 100 laser scans [5], the aim is to obtain the best possible 
results while keeping the scan repetitions in the lowest possible value. From the experience gathered on 
previous analysis, three repetitions have been set as an acceptable value. 
 
Fig. 2. Ni LCMD seed layer width according to laser settings. 
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Table 1. Cell processing time in seconds in dependence of hatch space and laser scan speed. 
Scan speed 
(mm/s) 
Hatch space at busbar (μm) 
30 50 70 
100 826 638 558 
400 206 159 139 
 
Another approach aimed to develop a faster process is focused on the busbars. Given that each busbar 
is formed by a tight sequence of lines until achieving the desired busbar thickness, finding conditions 
which allow to process wider areas results in less lines per busbar and an overall faster process. The study 
of the results with an unfocused laser beam is directed in this line. The best method found to easily obtain 
an unfocused laser beam is through the beam expander; thanks to its discrete scale it is possible to select a 
larger divergence angle before the scanner head, which results in a larger beam. Seed layers of up to 80 
μm have been produced with this method, doubling the hatch space in the bus bar. The time required for 
processing a single cell with one laser beam depending on laser scanner speed, repetitions and hatch space 
at the busbar is shown in Table 1, this estimation takes into consideration three scan repetitions and a 
standard cell design of two busbars, 156 mm2 cell, 2 mm busbar and 2 mm finger to finger distance. 
 
Finally, scanning electron microscopy (SEM) images have been obtained from representative samples 
from each set. As can be seen on Figure 3, different laser conditions lead to different seed layer 
morphologies and probably composition, hence a chemical characterization is mandatory to relate the 
laser settings and the composition of the layer formed. 
3.2. Chemical characterization 
EDX analyses give information on the composition of several microns below the surface. Wide area 
EDX scans were performed on the potential seed layers. The results are summarized in Table 2 in 
dependence of laser settings. The highest nickel content corresponds to the samples prepared with the 
lowest scan speed, which confirms the XPS results. Additionally, there is higher nickel concentration on 
the samples prepared with an unfocused beam, and the high oxygen concentration suggests the presence 
of oxides; however, this technique does not allow a precise identification on the stoichiometry.  
 
Fig. 3. SEM images of LCMD nickel seed layers prepared at A) High power and high speed, and B) Low power and low speed. 
 Efraín Ochoa-Martínez et al. /  Energy Procedia  38 ( 2013 )  777 – 786 781
Table 2. EDX atomic concentration (%) in dependence of LCMD conditions. 
Power (W) Scan speed (mm/s) Beam C N Si Ni O 
3 100 Focused 4.5 4.5 23.4 0.6 67.0 
5 400 Focused 1.0 5.6 25.5 0.3 67.5 
6 800 Focused 0.8 5.7 25.7 0.2 67.5 
8 800 Focused 0.1 5.2 27.0 0.2 67.4 
9 100 Unfocused 1.2 5.9 24.6 0.7 67.4 
10 100 Unfocused 2.0 5.7 23.5 1.7 67.0 
12 400 Unfocused 0.6 6.2 25.3 0.2 67.6 
15 400 Unfocused 1.4 5.8 24.6 0.7 67.4 
 
In order to have more precise information on the concentration of the seed layer components, there 
have been carried out XPS and XRD analyses. The XPS analyses have been performed on samples 
prepared with an unfocused beam, the main objective was characterizing the stoichiometry, relating it 
with the laser settings. Data gathered with this technique originates only from the surface of the samples, 
no more than 10 nm, hence the relevance of the analysis, given that the outcome of the subsequent steps 
like electroplating, the final contact resistance and other parameters are extremely dependent on the seed 
layer surface composition. 
 
Figure 4 shows XPS results after etching. There is a shift in composition with increasing power, from 
nickel oxide in the lowest power samples to silicon oxide in the highest energy samples, where even 
nickel silicate can be found (NiSiO4) [8]. Oxygen exhibits an increment for the lowest binding energies in 
the samples with the highest nickel concentration, denoting the predominance of NiO and Ni2O3 [9]. 
Nickel has a strong peak denoting metallic nickel, and less significant contributions of the oxidized 
species, and even though the peak belonging to the silicide form of nickel can overlay with the metallic 
contribution, there is no indicative in the silicon spectrum denoting a silicide, at least not in the surface. 
Finally silicon is gradually oxidized with increasing power as denoted in the oxygen spectrum.  
 
Figure 5 shows XRD patterns for two different sets of samples both prepared with 5 scan repetitions, 
the image on the left corresponds to higher speed samples (400 mm/s), while on the right lower speed is 
used (50 mm/s). It is possible to see that once the ARC has been effectively opened silicon oxide appears 
for all the samples.  
Fig. 4. XPS spectra for unfocused beam samples, registered after 15 minutes of Ar+ ion etching. 
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Fig. 5. XRD patterns for Ni LCMD seed layers depending on laser settings. 
Therefore, XRD can be used to determine the minimum energy required to perform the ARC ablation. 
An example can be seen in the image on the right in Figure 5.B, where 3 W of power have not been able 
to effectively open the ARC, while with 4 W the antireflective layer is removed and oxidation takes place. 
The formation of the different phases follows an order with power which is related to the heat of 
formation of each compound, where the deposition of Ni and the oxidation are the first processes, 
followed by the silicidations. 
 
Low fluence treatments, with 400 mm/s and power below 5 W, lead to the formation of Ni and NiSi, as 
can be seen in Figure 5.a. On the other hand, higher power routes promote the formation of just the 
silicon rich silicide (NiSi2), along with the already discussed SiO2 and nickel oxide, which has been 
confirmed through XPS analysis. The formation of oxides cannot be avoided neither for nickel nor for 
silicon. The broad SiO2 peak can be responsible as well, for the masking of other important peaks of the 
silicides. Finally, Figure 6 shows an EDX mapping of a cross section of a seed layer prepared through 
LCMD, platinum has been deposited in order to protect the nickel layer from the damage caused by the 
ion gun. This particular sample has been prepared with a focused beam with 3.5 W at 100 mm/s. The 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. SEM images and EDX mapping on a cross section of LCP Ni seed layer (3.5 W, 100 mm/s, 3 scans), Pt has been used to 
protect the Ni layer during ion etching. On the EDX mapping red represents Si, green Pt and yellow Ni. 
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3.3. Light induced copper plating 
In order to form complete fingers, the samples where copper electroplated on seed layers formed 
following two different procedure regarding the busbar, and three different settings for the fingers, this is 
schematically described in Figure 7. The final line width and morphology of the plated fingers depend of 
the seed layer properties and plating conditions. There are some tendencies that can be observed, for 
example the width approximately doubles from the original seed layer width; however, the height differs 
from one plating setting to another, as can be seen in Table 3.  
Fig. 7. LCMD seed layer settings scheme. 
Higher aspect ratio, translates into a lower shaded area, higher current density and finally in a higher 
cell efficiency; the taller fingers were produced with -0.5 V, and resulted in average aspect ratios of 0.73 
for the case of the seed layers formed with a focused beam in the busbar and 3.5 W for the fingers. The 
aspect ratio for the rest of the samples was over 0.5, which is an acceptable value when compared with 
current screen printing technologies. Figure 8 shows SEM and EDX mapping images of one of these 
copper plated fingers. Though height and aspect ratio are not the only relevant parameters, as the 
electrical settings control the growing regime in the electrochemical deposition process. Higher rear side 
(RS) voltages which lead to a faster growing, can lead to an undesired dendritic growth, and consequently 
fingers with higher porosity and line resistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. SEM (A, B, C) and EDX mapping (D) images of  a copper plated finger on a seed layer of 3.5 W and 100 mm/s scan speed, 
plated during 15 min. at -0.4V, in (D) green stands for Cu, red for Si and yellow for Ni.
784   Efraín Ochoa-Martínez et al. /  Energy Procedia  38 ( 2013 )  777 – 786 
Table 3. Light induced copper electroplating conditions and finger properties. 
RS voltage          
(V) 
Time               
(min) 
Mass gain 
(mg/cm2) 
Average finger 
height (μm) 
Average finger 
aspect ratio 
-0.5 10 2.09 47.9 0.73 
-0.4 15 2.45 45.1 0.57 
3.4. Cell characterization 
In order to verify whether any damage has been inflicted to the junction, Suns-Voc electrical 
characterization of the cells before and after laser processing, and after LIP has been carried out. Open 
circuit voltage, pseudo fill factor and pseudo efficiency have been registered. All the cells prepared from 
the seed layers specified in Figure 7 denote a decrease in open circuit voltage and pseudo efficiency; 
however, it is less accentuated for the sets where the fingers have been prepared with the lowest power.  
 
The average characteristics for both, the focused and unfocused busbar sets, are presented in Table 4, 
as can be seen there is a degradation of open circuit voltage and efficiency from the original precursor 
characteristics due to laser processing, hence it could be attributed to junction damage, on the other hand, 
the pseudo fill factor increases, probably due to a better contact; however, a high pseudo fill factor is not 
guarantee of a high fill factor. 
 
Copper plating translates into an increase in all parameters in all cases, and in particular in the open 
circuit voltage of the cells prepared with the unfocused beam, which perform better in all aspects. Even 
though the average starting values are better for unfocused busbar cells, a lower damage because of the 
reduced amount of scan repetitions on the busbar, can be as well a reason for a better performance. The 
average characteristics for finished devices are presented in Table 5, regardless of finger seed layer 
specifications or plating conditions. The aim is to distinguish the benefits of an unfocused approach in the 
busbar, and indeed, the average pseudo efficiency denotes a better performance for these cells.  
 
Additionally, the best cell produced is from this set, with a pseudo efficiency of 15.24%, the seed layer 
for this particular cell was produced at 3.5 W and 100 mm/s in the fingers. Therefore not just a time 
reduction is achieved with the use of an unfocused beam but an increase in performance. These settings 
coincide with the highest nickel and the lowest silicon oxide concentration found in the chemical 
characterization phase. 
 
The adhesion of the fingers produced with this process is related to the mechanical properties of these 
layers, therefore additional peel force tests are required in order to find the relation between composition, 
depth and adhesion, which enable to guarantee a reliable process. 
Table 4. Main electrical characteristics of cells in dependence of process step (average of 12). 
 Open circuit voltage (mV) Pseudo fill factor Pseudo efficiency (%) 
 Base Ni LCMD 
Cu 
Plating Base 
Ni 
LCMD 
Cu 
Plating Base 
Ni 
LCMD 
Cu 
Plating 
Focused 0.605 0.555  0.558 0.77 0.79 0.78 16.3 14.4 14.5 
Unfocused 0.609 0.561 0.587 0.77 0.79 0.79 16.5 14.8 14.9 
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Table 5. Main electrical characteristics of copper plated cells. 
 
Unfocused beam busbar Focused beam busbar 
pEff Voc pFF pEff Voc pFF 
Average of 24 13.86 0.53  0.74 13.81 0.53 0.75 
Best 15.24 0.59 0.73 14.96 0.56 0.77 
4. Conclusions 
Conditions which allowed a time reduction from previous work have been found, reducing the number 
of laser scan sweeps required to three. The best cells produced coincide with a low power and low scan 
speed scheme in the seed layer used for the fingers, while an unfocused beam has been used in the busbar, 
this combination of parameters resulted in a maximum pseudo efficiency of 15.2%. Furthermore, for all 
cases, higher power conditions led to higher oxide concentration and lower cell performance. 
The results suggest that the process is temperature driven, given that lower laser scan speed settings 
resulted in higher nickel and silicide presence, therefore the slower thermalization component should 
have a greater effect than photochemical component. 
There has been found that simultaneously with the nickel deposition and silicidation, the formation of 
non-conductive species like oxides, silicates and nitrates in the seed layer region takes place. These 
foreign species can boost contact resistance, and can be responsible for the reduction of open circuit 
voltage. 
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